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Abstract 
LCA is quantitative method to evaluate the environmental impacts of a product o service, including relevant stages of 
the cycle and includes mining, manufacturing and distribution until use and disposal. In this work it is analyzed the 
LCA of solar selective coatings from manufacturing to the coatings in the life of a solar collector. 
In this work, the life cycle analysis of solar selective coatings of black cobalt, obtained by a) electrodeposition and b) 
sol-gel technique is performed. The selective coatings improve the efficiency of solar collectors due their optimized 
optical response: High solar absorptance and low thermal emittance, which results in an additional crop of solar 
energy. The life cycle analysis of these films, show that the electro-coating technique is potentially more favorable 
for manufacturing the solar collectors, in comparison with dipping sol-gel technique, which is accepted to have a 
favorable LCA. 
LCA in conceptual terms can be divided into the inventory and analysis stages. The inventory builds a matrix 
describing the use of materials and energy and emissions in the life cycle. The set builds a matrix describing the use 
of materials and energy is called the life cycle inventory (LCI). For each considered system is calculated the energetic 
consumption, kWh/year of energy required to manufacture a unit area of selective coatings prepared by both 
techniques, starting from fundamental components and amount of materials involved in kg/m2, it is calculated the 
kWh/year supplied by each system assessing the lifetime of the coatings, resulting in a matter and energy balance as 
well as the environmental impacts of the coatings under analysis. 
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Nomenclature 
G Global radiation received by the collector, in ܹ Τ݉ଶ 
݄௖  Coefficient of heat transfer by convection, in ܹ Τ ሺ̰݉ʹιܭሻ 
LCA Life Cycle Analysis  
௔ܶ  Environment temperature 
௖ܶ  Temperature of the surface collector, in K. 
௦ܶ Sky temperature 
ߙ Solar absorptance 
ߝ௜ Emmitance 
ߝ௦ Sky emmitance  
ߪ  Stefan-Boltzmann constant, ͷǤ͸͸ͻ͹ ൈ ͳͲି଼ܹ Τ ሺ݉ܭସሻ 
 
1. Introduction 
All human activities, processes and manufacturing of products generate environmental impacts, consume 
resources, release substances into the environment, and cause other environmental changes during their 
lifetimes [1,2]. In the life cycle of a product are considered the following phases: 1) Supply of raw 
materials. This is the stage of direct action on the environment, including non-renewable materials and 
water resources. 2) Treatment of the raw material such as separation and purification to adapt materials to 
further processing. 3) Production of technical and specialized materials, 4) Manufacturing and assembly. 
At this stage, it is concluded the production of base materials and technical material. 5) Transportation 
and distribution. 6) Use and service. This phase accounts for maintenance and repairs the product needs 
during consumer use. 7) Withdrawal and treatment. This step is a key issue to the possibility of reuse or 
recycling of materials. 8) Disposition-final destination. When it is considered that the material has no 
value, life-cycle ends. At this point it is evaluated the way in which it is deposited in the natural 
environment [3-8]. The tool of life cycle assessment (LCA) studies the potential environmental impacts 
through the product life cycle, namely the environmental effects of each of the steps described above. For 
this reason, the basic principle of the LCA is the identification and description of all phases of the product 
life cycle. In this work we present the LCA of solar selective coatings from manufacturing to the end of 
its useful life in a solar collector. 
The solar selective coatings represent a cheaper alternative compared to commercial paint coatings, as 
they are surfaces that perform an efficient photothermal conversion, due to their high solar absorptance 
(αs) and low thermal emittance (εt) at the operating temperature of the devices making use of them [9,15]. 
Generally speaking, a solar selective coating is made of particles, uniformly distributed, and deposited on 
a metallic substrate. This system is called reflector-absorber tandem. In the present work it is used Co3O4 
as the solar absorber (pigment) in the solar selective coatings [16]. The last ones were obtained by two 
different methods: Sol-gel processing and electrodepostion. 
Considering the LCA methodology [5], we should calculate the energy consumption, for example, 
kWh/yr, of each phase. In our case, the energy, per unit area, required to manufacture the coatings by both 
techniques. Additionally, it should be calculated the energy supplied by each selective surface, evaluating 
the lifetime of the coatings mentioned above, which can be obtained by performing a mass and energy 
balance. 
Electrodeposition is the technique in which the electrical force causes a positive charge on the metal ion 
into the electrolytic solution in order that metal ions move towards the cathode (negative charge) of the 
electrolysis circuit. At the cathode, the metal ions are deposited as metal atoms. It is possible to identify 
three important steps in the manufacturing process of the coating; 1) electrolytic bath, 2) rinse, 3) drying 
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[17].  Sol-gel processing is a simple chemical route; a solution containing the precursor of the desired 
material, is prepared and applied (in our case by dipping) on a substrate. The films obtained by this 
technique are usually a few microns thick, uniform over large areas, and exhibit good adhesion to the 
substrate. The equipment is not expensive, especially compared to other deposition techniques that 
require the use of pumps and other equipment to produce vacuum. In this process, we have identified four 
main steps: 1) dipping, 2) rinse, 3) drying, and 4) calcination [18]. 
2. Life Cycle Assessment  
A Life Cycle Assessment can be divided into four steps [5] (see Fig. 1). 1) Definition of goal and scope. 
Within the first step of a Life Cycle Assessment the goal and scope are defined, this contains the 
definition of system boundaries, function of the system, requirements on data quality etc. 2) Life Cycle 
Inventory (LCI). The LCI contains the data collection of all required inputs (resources, intermediate 
products) and outputs (emissions, wastes) and the preparation of an input output table. 3) Life Cycle 
Impact Assessment (LCIA). The LCIA calculates potential environmental impacts, impacts on human 
health and availability of resources by using the results of the LCI and 4) Evaluation/Interpretation. The 
last step of a LCA comprises the interpretation of the results from LCI and LCIA in regard to the goal of 
the LCA study. In this paper we address two phases of life cycle: the production of main products, i.e. 
selective coatings and the use phase of the product in a solar collector. 
 
 
Fig. 1. LCA Phase production  
2.1.1. Electrodeposition technique 
 
On the other hand, the Co3O4 coatings were electrodeposited on the metallic substrate by means of an 
electrochemical deposition [17, 19]. The electrolytic bath contains Co(CH3COOH)2 (0.1M) and a small 
amount of Co(NO3)2, (0.01M). The solution was prepared using deionized water. The deposition time was 
1 min using a density current of 5 Adm-2. After that, the coating was rinsed, and then it was dried by a 
stream of hot air, in order to dry the sample as fast as possible in order to enhance the coating adhesion. 
2.1.2. Sol-gel technique 
 E. Sánchez-Cruces et al. /  Energy Procedia  57 ( 2014 )  2812 – 2818 2815
 
For the sol-gel technique were used the following chemical reagents: Co(CH3COOH)2 (0.1M) dissolved 
in ethylic alcohol [18,20,21]. The dipping step was performed by an electrical motor, which allows the 
sample was removed from the solution at a constant speed (1mm/s). After dipping, the as-prepared 
coating was rinsed for a subsequent drying by a stream of hot air. Subsequently heat treatment was 
completed by heating the sample in air at 400 ° C for 1h. Then, heat treatment was performed by heating 
the sample in air at 400 ° C for 1h. 
3. Use of thin film coatings 
Based on the previous experience of the authors, who have measured the optical properties of coatings 
obtained with a commercial paint, such as those prepared by the electrodeposition process and sol-gel 
dipping, in Table 1 are shown the typical values of optical properties for the coatings obtained through 
different methods. 
 
Table 1. Optical properties of coatings obtained by different methods. 
Optical property Commercial paint Thin film electrodeposition Sol-gel  
Solar absorptance 0.92 0.92 0.89 
Thermal emittance 0.65 0.20 0.15 
 
From the values in Table 1 and with a simplified energy balance [1] it is possible to estimate the thermal 
efficiency of a solar collector. The energy balance model used emphasizes the effect of the value of the 
optical properties of each material, and is given by equation (1) [22, 23]. 
 
ߟ ൌ ߙ െ ߝ௜ߪ ௖ܶ
ସ
ܩ െ
݄௖ሺ ௖ܶ െ ௔ܶሻ
ܩ ൅
ߝ௦ߪ ௦ܶସ
ܩ ሺͳሻ 
 
The calculations of the maximum achievable efficiencies for each solar device were performed assuming 
a flat solar collector and that all of the solar collector elements are identical in the systems studied, with 
the exception of the solar coating. In this case, since we are only interested in the influence of the 
selective and non-selective coatings, the last term of Equation 1 can be neglected. Additionally, we have 
performed the analysis considering the insolation data for Mexico City. In Table 2 are shown the 
estimations of power (kWh/day) on an average annual basis which can be used by solar collectors using 
different coating. 
From data of Table 2, we can estimate the average daily value of energy used by a collector coated with 
the different selective surfaces. This value, multiplied by 365 days gives us the total energy collected in a 
year (Table 4). 
 
Table 2.Average annual of energy delivered by a solar collector with different coatings 
Lifetime period 
Average daily 
solar radiation 
annual basis 
(MJ/m2) 
Collector with 
commercial painting 
(kWh/m2 day) 
Collector with electrodeposit 
(kWh/m2 day) 
Collector with sol-gel 
coating (kWh/m2day) 
0-5 years 17.65 0.27 0.59 0.60 
5-10  years 17.65 0.26 0.58 0.59 
10-15years 17.65 0.25 0.58 0.58 
15-20years 17.65 0.25 0.57 0.58 
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If we assume the solar collector have a lifetime of 20 years, and the collector efficiency diminishes 1.5% 
each 5 years due to ageing of the selective materials, it is possible to do an estimation of the total energy 
harvested by each type of solar collector. 
4. Results and discussion 
4.1 Energy consumption for each preparation technique 
 
Stages, corresponding to the preparation techniques of the coatings described above, were analyzed to 
calculate the energy consumption during the manufacture of 1 m2 of coating. The typical electrical device, 
to draw the sample out of the sol gel solution, has a power of 0.375 kW, considering that the rate of rise 
of the sample is 1mm seg-1, the power consumption of the electric motor used is 0.105 kWhm-2. The dryer 
has a power of 1.700 kW and the energy consumed per m2 is 1.411KWhrm-2. An electric oven is used for 
heat treatment of the sample with a power of 3.3 kW, and requires 1 hour to complete the heat treatment, 
so that, the energy consumed is 3.3 KWhrm-2. 
Similarly energy consumption stage of the electrodeposition technique was calculated. The generator 
requires 7.5 kW and operates for 1 minute and the energy consumed is 0.125 kWh. The dryer has a power 
of 1.700 kW, and the energy consumed per m2 is 1.411 KWhm-2. Table 3 presents the results of energy 
consumption by stage for each technique. 
Table 3. Energy consumption  in the film preparation stages. 
Stage 
1 2 3 4  
Dipping Rinsing Drying Calcination Total power consumption 
Sol-gel ELD Sol-gel ELD Sol-gel ELD Sol-gel ELD Sol-gel ELD 
Device used Electric motor 
Electric 
generator -- -- 
Hot air 
dryer 
Hot air 
dryer 
Electric 
oven --   
Energy 
consumption 
(kWh/m2) 
0.105 0.125 0 0 1.411 1.411 3.3 -- 4.816 1.536 
 
 
4.2 Energy consumption by use of raw materials for the preparation of the bath 
In order to estimate the energy consumption associated with the raw materials used in the bath solution, 
we consider the energy consumption associated to the synthesis of each constituent of the bath (see Table 
4) as well as the composition of the electrolytic and the sol-gel dipping baths. With this information, we 
calculate the necessary amount of precursors to prepare 1 m3 of bath solution, from which it is possible to 
coat up to 10,000 m2 of selective surface for solar collector. Table 4 shows the amount of energy 
associated with the raw material for the coating bath, per square meter of coating. 
Table 4. Energy consumption associated to the production of  raw material [24, 25] 
Coating Substance Energy consumption by kg of raw 
material (kWh/kg) 
Energy consumption associated 
with raw material per m2 of 
collector (kWh/m2) 
Commercial painting Epoxic resine 3.0 0.7 Inorganic pigment 12.0 
Co electrodeposited Co(CH3COOH)2 26.5 0.7 
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*Ref [26] 
Table 5 shows the value of the total energy collected by the solar system during its life, to which you 
should subtract the energy required for the manufacture of selective solar coating. Thus, it is found that 
the solar system is able to provide much more energy than that required to manufacture the selective 
surface, which is used in the preparation of the system of the selective surface coating of the solar 
collectors. 
 
Table 3. Value of total energy collected by the solar system during its lifetime. Also the CO2 equivalent emissions, which are not 
released, by the use of solar collectors with selective coatings.  
 
Coating 
Energy supplied 
by the collector 
 (kWh/m2) 
Energy consumption in the 
manufacture of the coating 
(kWh/m2) 
Energy consumption 
associated with raw 
material per m2 of 
collector (kWh/m2) 
Total 
(kWh/m2) 
Equivalent 
emissions 
 (kg CO2/m2)§ 
Commercial 
painting 1882.04 1.603 
0.66 1879.78 381.60 
Co electrodeposited 4251.58 1.536 0.7 4250.04 862.61 
Sol-gel  4302.89 4.816 1.6 4296.47 872.18 
§ Ref [22] 
In the last column of Table 5, it was estimated the production and sink of CO2 in the atmosphere by 
energy production in the manufacturing and energy intake by the thermal energy production using solar 
collectors, under the assumption of considering the known data that, for each kWh of electricity 
consumed (assuming that is equivalent to each obtained thermal kWh), are emitted or not emitted, 
approximately 0.203 kg of CO2. 
5. Conclusions 
Web performed a simplified life cycle analysis of a flat solar collector, that provides thermal energy for 
domestic use, and potentially process heat. This analysis is based on several assumptions in order to 
simplify the analysis, but allows a quick estimate of the actual energy intake of these systems, focusing 
especially on the influence of the selective solar coating type implemented in the solar collectors. The 
energy gain of these systems (using solar energy levels values of Mexico City) is significant in relation to 
some manufacturing processes implemented to manufacture the collector. It is necessary to continue this 
study to further develop of the method implemented in this work, and incorporate other elements of the 
manufacturing of solar collectors, which allow going deep in the LCA of these technologies. 
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Co(NO3)2 3.5 
Sol-gel  Co(CH3COOH)2 26.5
* 
1.6 Ethanol 11.8 
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